Introduction
Industrial plants are complex systems and it is such a complexity, due to numerous connections, equipment and components, together with the complexity of their operations that makes them particularly vulnerable (local vulnerability) to earthquakes (see Figure 1a) . (Izmit, 1999) .
Activities carried out in process plants can also be arranged in series, which means that process activities are realized with specific sequence and boundary conditions. Consequently, the "failure" of a single element can get out of order the entire system. This is of fundamental importance for the seismic vulnerability of a plant (general vulnerability).
Seismic action can cause serious accidents to industrial plants as shown in several occasions. The actual worldwide situation of major-hazard plants against earthquakes should be considered as critical. For instance, in Italy about 30% of industrial plants with majoraccident hazards are located in areas with a high seismic risk. In addition, in case of a seismic event, the earthquake can induce the simultaneous damage of different apparatus, whose effects can be amplified because of the failure of safety systems or the simultaneous generation of multiple accidental chains.
(a) (b)
material and (D) flares, used to eliminate waste gas. For a detailed description of the operation of each component that is beyond the aim of this chapter, the reader can refer to specialized publications (Mayers, 2004) . During a transformation processes many dangerous substances are treated. Consequently, a refinery is equipped with numerous safety systems, some of which imposed by the codes and other adopted by designers. It is worth to highlight that during a seismic event they could fail, becoming useless. Therefore the seismic protection of a refinery must be mainly based on the reduction of the seismic risk of single components. The experience derived from observing damages caused to industrial plants by past earthquakes can be very useful to identify the most exposed components to the seismic risk and the evaluation of the consequences. Despite the difficulties of obtaining and organizing data, detailed information on the behavior of the refineries in a certain number of earthquakes are available, in particular those listed in Table 1 (Kawasumi, 1968; Nilsen & (a) (b) Kiremidijian, 1986; Scholl & Thiel, 1986; ATC-25, 1991; Showalter and Myers 1992; Beavers et al., 1993; Erdik & Durukal, 2000; Steinberg et al., 2000; Johnson et al., 2000; Suzuki, 2002; Kilic & Soren, 2003; Sezen & Whittaker, 2004; Hatayama 2008; Suzuki, 2006) Based on this information, in the following, the main apparatus of process industrial plants are grouped into a restricted number of structural classes and the main observed damages caused by earthquakes are analyzed in detail.
Slim vessels
Cylindrical vessels with a high ratio height/diameter (between 5 and 30, and even higher) belong to this category. Among them, on the basis of the operation and the system of constraints to which they are subjected, it is possible to identify:
• Vertical cylindrical vessels which are directly anchored to foundations and free along the height. This category includes the distillation columns and many other reactors. The distribution of the mass along the height is usually rather uniform and it may be considered as continuous, even though some internal discontinuities could be present.
•
Vertical cylindrical vessels which present additional constraints, besides at their basis, also along the height. This group includes very thin columns such as stacks and flares. Their mass is entirely due to the structure, because they contain just atmospheric pressure gas.
Horizontal cylindrical vessels, supported by two or more saddles connected to a foundation platform. In this category many pressurized storage tanks and shell-andtube heat exchangers are included.
As far as vertical slim vessels are concerned, the most common damages in case of seismic event are the failure at the foundation, due to the excessive stress, and the loss of contained fluids because of failure of connected flanges, due to excessive relative displacements. For example, during the Loma Prieta earthquake a refinery was seriously damaged, where the most important effect was on the anchor bolts of about 20 vertical vessels, on a total of 50 vessels. During the Valparaiso earthquake in a ventilation-stack with diameter 18" the anchor bolts were subjected to a similar damage, with the yielding of bolts.
The Izmit earthquake induced serious damages in the Tupras refinery. An entire unit was destroyed by the collapse of a chimney of a furnace 105 m high (Figure 3a ). The top of the chimney collapsed on the furnace, whereas the bottom part collapsed on a pipe system. Even if the furnace was designed according to ACI-307, it has been subjected to an important damage.
Above-ground squat equipment
These apparatus have similar dimensions in the principal directions and are characterized by heavy masses; they can be grouped in two main categories:
• Large cylindrical steel storage tanks with a height/diameter ratio between 0.2 and 2. The roof can be welded to the shell (fixed conic roof) or floating over the contained liquid. The operating volume varies from some tens to 200000 m 3 . The bottom plate is circular and placed directly on a granular backfill. When they are full filled, part of the www.intechopen.com
Analysis of the Seismic Risk of Major-Hazard Industrial Plants and Applicability of Innovative Seismic Protection Systems 227 mass oscillates under the seismic excitation producing high forces on the tank wall, whereas the remaining part induce a sloshing wave that might produce overtopping phenomena.
• Large process equipment like filters and decanters, or dynamic apparatus like pumps and compressors. They have large masses and are placed directly on high inertial foundations because of the dynamic action produced during the operating conditions. (San Fernando, California, 1971) , (e) Collapse of an electric transformer, (f) Overtopping phenomenon in a big tank (Itzmit, 1999) .
The typical damages associated to the first category are related to buckling phenomena of the wall (elephant foot buckling, sloshing buckling) or to failure of the wall-bottom plate joint. In Figure 3c and 3d examples of elephant buckling and elastic buckling are shown,
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respectively. But other possible damages are also possible, especially due to excessive sloshing motion, even in presence of floating roof, which can cause liquid overtopping and fire due to the crash between roof and wall. As a matter of fact, during the Itzmit and Tokachi-oki earthquakes, most of the tanks were destroyed for excessive sloshing motion (Figure 3b and 3f) . Moreover, damages due to the uplift phenomenon of above ground tanks or ground settlements have been also observed during several seismic events, which have been capable to produce serious localized damage between wall and bottom plate.
Squat equipment supported by columns
In this category it can be included:
• Spherical storage vessels, essentially used for pressure liquefied gases. They are generally elevated with respect to ground by using steel columns placed along the circumference and welded to the shell at the equatorial level and normally linked eachother by diagonal braces (see Figure 4c ).
• Vertical large storage vessels for cryogenic liquefied gas (LNG); their configuration is similar to that of the large atmospheric storage vessels for liquids, but their walls are realized by a double shell, in the inner-space of which an efficient thermal insulation is located; their bottom is anchored to a concrete plate, supported by short reinforced concrete columns (Figure 4a ).
•
Process furnaces and steam boilers. These equipments have the function to heat or vaporize large amounts of liquid products, according to the chemical process demand. Generally process furnaces are large structures, with few standardized shapes, mainly of cathedral type and vertical cylinder (Figure 4b ). These furnaces are kept elevated from the ground by means of short reinforced concrete columns, according to the location of burners that requires pipes and space for maintenance. For these apparatus, the collapse is mainly due to the soft-story phenomenon caused by the shear failure of the short columns. The collapse of chimneys is also possible, as well as the detachment of pipes and of the internal wayward covering. During the Kern Kounty earthquake (California, 1952) , at the Paloma Cycling Plant, two of the five spheres of butane collapsed, causing the cut of all the connecting pipes and creating a massive release of the content. The cloud formed quickly found a source of ignition in electrical transformers places a few hundred meters away. The result was a violent VCE (Vapor Cloud Explosion) followed by a fire of considerable proportions, see Figure 5a .
During the Itzmit earthquake some LNG tanks sustained by reinforced concrete columns were subject to important damages followed by the collapse of the basement, due to the insufficient shear strength of the columns (Figure 5b ) (Sezen et al., 2007) 
Piping systems
Piping systems connect all equipment involved in the process, transferring fluids within the plant ( Figure 6a) ; as mentioned before, in a large refinery, hundreds kilometers of pipes of different size are installed; they are mainly realized with steel, but in some cases also with ceramics, glass, concrete, etc., if a specific performance against corrosion is required. Metallic pipes themselves are not particularly vulnerable to seismic actions, but they can suffer the effects of differential displacements, which could not be compatible with the pipe deformations. Moreover, a collapse of the support structure can cause a catastrophic collapse of pipes, as shown in Figure 6b where the breakage of a piping flanged connection is shown. 
Support structures
Piping systems, heaters, pumps, fans and other equipment, require a support structure. The geometrical configuration depends on different factors; consequently, they present different structures with irregular distribution of stiffness and strength. In addition, the structure is often modified according to the production requirements that can be necessary during the life-cycle of the plant. The support structures are mainly realized with steel frames, often stiffened by diagonal bracings. Nevertheless, structures realized with a different material are not rare, especially reinforced concrete and steel-concrete composite structures.
In the several reports dedicated to seismic effects in industrial plants, description of damages suffered by support structures are rare. During the Loma Prieta earthquake service frames of a reactor were subjected to limited damages. On the contrary, the support frame of a group of fans was subjected to severe damage as shown in Figure 7a . The structure was initially designed to support a piping system, but later was used for supporting the fans. Consequently, during the seismic event some of the beams collapsed for elastic instability.
Finally, collapse of the entire supporting structure due to the failure of the surrounding structures cannot be excluded. For example during the Itzmit earthquake in 1999 the chimney of Fig 
Applicability of passive control systems for the seismic protection of oil refinery components

Passive control techniques (PCT) for the seismic protection of industrial components
Innovative seismic control systems belongs to the world of the vibration control techniques of structures, which includes passive, semi-active, active and hybrid systems (Housner et al., 1997; Spencer, 2003; Christopoulos and Filiatrault, 2007) . The experiences acquired during experimental activities and worldwide applications have indicated the passive control techniques as the most suitable solutions for the seismic protection of structures. These systems modify the stiffness and/or the dissipative properties of the structure, favoring the reduction of the dynamic response to seismic actions. They can be classified on the basis of (a) (b)
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the physical phenomenon adopted, and specifically: a) Seismic isolation, b) Energy dissipation, c) Tuned mass damper (TMD). Base isolation systems produce a certain level of uncoupling between structure and ground. At this end, devices named "isolators" are usually placed at the foundation. Consequently, the structure is divided in two distinct parts: substructure and superstructure ( Figure 8a ); these devices are characterized by a high deformability in the horizontal direction and, at the same time, they are capable to transmit the vertical forces without appreciable deformations.
Isolators modify the dynamic characteristics of the structure, obtaining a high reduction of inertia forces. Unfortunately, there is a price to be paid: an appreciable increasing of displacements between substructure and superstructure. This inconvenient can be limited by increasing the energy dissipation capability of the structure using external dissipation devices or by a specific dissipative mechanism included in the isolators.
The isolation systems are usually subdivided in two categories: a) conventional devices, characterized by an elastic behavior, which realizes the elongation of the fundamental period of the structure, b) dissipative isolators, which in addition to the period elongation effect, increase the dissipation capability of the devices.
Dissipation control systems realize an artificial increasing of the structural damping with a consequent reduction of structural forces and displacements. Energy dissipation devices can be placed within the same structure through dissipative bracings (Figure 8b (Ciampi et al, 1995; Renzi et al., 2007) , or between adjacent structures (dissipative coupling, Figure 8c ) with different dynamic characteristics (Basili et al., 2007a (Basili et al., , 2007b Fraraccio et al., 2006) .
Finally, using mass damping systems, namely TMD (Tuned Mass Dampers), the control of the seismic vibrations is carried out by adding auxiliary masses connected to the structure (conventional TMD). The additional damping is due to the transfer of energy form the structure to the auxiliary mass; this energy is then dissipated through dissipative devices placed between the structure and the auxiliary mass (Hoang et al., 2008) . A non conventional TMD can also be defined: masses already present on the structure are converted into tuned masses, retaining structural or architectural functions beyond the mere control function (De Angelis et al, 2001 ).
The above techniques cannot be indifferently applied to each type of equipment of a plant, because their effectiveness depends on the characteristics of the structure to be protected. As a matter of fact, for a cathedral-type furnace ( Figure 9a ) the seismic isolation can be profitably used by inserting isolators between the superstructure and the base columns.
A typical situation to which the techniques of Figure b , c and d can be easily applied is shown in Figure 9b . In fact, dissipative bracings can highly reduce the seismic response of the steel frame. Alternatively, the equipment placed at the several floors of the frame can be used as TMDs connecting them to the frame using dampers. Moreover, being distillation column and frame adjacent structures, they can be coupled using dissipative devices (Paolacci et al., 2009; Paolacci et al., 2010) Until now, passive control techniques have been used for a very limited number of industrial applications; for example, in Europe the isolation technique has been adopted only in a few cases: the seismic protection of Petrochemical LNG terminal of Revythousa, Greece (Tajirian, 1998) and of ammoniac tanks, at Visp, in Switzerland by means of elastomeric isolators (Marioni, 1998) , Figure 20 . Friction Pendulm devices have also been used for the seismic isolation of an elevated steel storage tank of the petrochemical plant of Priolo Gargallo in Sicily (Italy) (Santangelo et al., 2007) .
It is worth to observe that damages like leakage of a flanged joint or breakage of a welding, usually considered critical for the safety of the transformation process, are instead treated as unessential under structural point of view, even if might generate important accidental chains. Therefore, for the process industry, unlike civil structures, it is necessary to associate the direct damage inflicted by the earthquake, with the indirect consequences of possible incidental chains.
The experience provided by the observation of seismic damages suffered by industrial plants allows recognizing the most vulnerable components. Assuming that one of these components is damaged and considering this as an initiator event, using a classic analysis of "event tree", the risk of the various consequences could be assessed.
The first step is then to identify the most likely initiator events of accidental chains that can lead to serious consequences. Table 2 summarizes the typical observed damage and accidents due to earthquakes of some major industrial equipment together with the suggested passive techniques for their seismic protection. For slim vessels, the most likely damage in case of earthquake is the yielding of anchorage bars at the foundation level and the leakage of fluid due to failure of flanged joints caused by excessive displacements. In this case, the most appropriate passive control technique seems to be the dissipative coupling between vessel and adjacent structures (Ciampi et al., 2006) . As far as above ground broad tanks is concerned, typical observed damages (failure of wall-bottom plate welding, elephant foot buckling, elastic buckling of wall, settlements of the ground under the tank) can be eliminated using base isolation technique . Other accidents and possible damages due to sloshing motion in presence of floating roof (overtopping, fire due to impact between the roof and mantle), are neither amplified nor reduced by the isolation. A possible solution to reduce the effects of the impact between floating roof and tank wall can be represented by spacers placed between roof and wall or by inserting a TMD system into the roof (for eg. a Tuned Mass Damper Column, (Sakai and Inoue, 2008) .
www.intechopen.com For squat equipment placed on short columns the base isolation technique appears to be highly effective. The unique drawback is represented by the increasing of relative displacement between the apparatus and the surrounding ones. For this reason proper counter-measures have to be adopted to preserve the integrity of the connected pipes, for example flexible joints.
The use of dissipative bracings can be effective (Figure 10c ) (Drosos et al., 2005) . These devices reduce stresses and displacements, but can be invasive and limit the operation of the equipment. In some cases, like spherical tanks, the dissipative coupling can also be used in conjunction with auxiliary reaction structures (Figure 10d ) (Addessi et al., 2001 ).
For process furnaces, beyond the base isolation technique, a sophisticated solution may consist in designing the chimney as a TMD system, adding an auxiliary mass at the top (Balendra et al., 1995) . Table 2 . Seismic damages of industrial process components and passive control systems.
Finally supporting frames can be effectively protected by several control techniques. For example, to reduce forces and displacements, dissipative bracings and dissipative coupling techniques can be profitably used, as for the slim vessels. To avoid damage in the supported equipment (compressors, pumps, tanks, etc..), the TMD technique can also be adopted. In this case, it is possible to reduce the stress level in the frame and contemporarily to protect the equipment used as TMD. In this case, special dampers like wire-ropes could be profitably used (Paolacci and Giannini 2008) .
The innovative technologies for the vibration control are also effective to preserve integrity and operational continuity of equipment.
An effective way to protect seismic vulnerable equipment consists in implementing an isolation system between the internal apparatus and the supporting structure. There are two configurations proposed in literature: the apparatus to be isolated may correspond either to an individual raised floor (Hamidi and El Naggar, 2007) , on which a group of several equipment is anchored (isolated raised-floor systems or floor isolation systems, (Alhan and Gavin, 2005) , or to a single equipment itself (equipment isolation systems), especially when having a large mass . As a result, the absolute accelerations transmitted to equipment are considerably reduced and the damages due to excessive inertial forces are prevented.
Passive linear and nonlinear isolation systems have been proved to be effective and practical to protect acceleration sensitive equipment from earthquake hazard .
Example: Application of two isolation systems for the seismic protection of above-ground steel storage tanks
Introduction
In this section, the effectiveness of the base isolation on steel storage tanks is investigated through numerical models and then checked by shaking table tests on a reduced scale (1:14) physical model of a real steel tank (diameter 55m, height 15.6 m), typically used in petrochemical plants. In the experimental campaign the floating roof has also been taken into account.
In practice, in order to evaluate the effect of the sloshing, many seismic design codes adopt the formula relative to free surface conditions, (European Committee for Standardization, 2003; American Petroleum Institute 2007) . This is justified by theoretical studies (Sakai and Nashimura, 1984) , where is shown that the effect of the floating roof has a negligible influence on the frequency and amplitude of the first vibration mode and it is confirmed by the experimental study presented in the following.
The tests have been carried out using the six d.o.f. 4 x 4 m shaking table installed in the laboratory of ENEA (Italian National Agency for New Technologies, Energy and the Environment) Research Centre "La Casaccia" at Rome, Italy. The tests have been performed on the physical model both in fixed and isolated base configurations; in particular two alternative base isolation systems have been used: high damping rubber bearings devices (HDRB) and PTFE-steel sliding isolation devices with c-shaped elasto-plastic dampers (SIEPD).
In the following, after a brief presentation of the dynamic behavior of tanks, with and without base isolation systems, the main results of the experimental tests are shown and discussed. Finally, a comparison between experimental and numerical results has been illustrated. A detailed description of the experimental campaign can be found in (De ).
Dynamics of liquid storage tanks
Fixed base tanks
The dynamics of cylindrical tanks subjected to a base motion has been extensively studied by several authors. Starting from the earliest work of Housner (1963) , the hydrodynamic pressure induced by the liquid on the tank wall due to the base motion has been determined, taking into account the deformability of the tank wall; see for example (Fisher, 1979; Haroun & Housner, 1981; Velestos & Tang 1987) .
In brief, the liquid mass can be imagined subdivided in two parts: an impulsive component, which follows the base motion and the deformability of the tank wall, and a convective component, whose oscillations cause superficial wave of different frequency with a very low percentage of mass (≈4%) relative to the higher modes; moreover, while in the slender tanks the most part of the liquid moves rigidly with the tank, in the broad tanks most of mass oscillates in the convective modes.
Under the hypothesis of rigid tank, the impulsive and convective part of hydrodynamic pressure can be easily evaluated. On the contrary, the part, which depends on the deformability of the tank wall, can be determined solving a fluid-structure interaction problem, whose solution depends on the geometrical and mechanical characteristics of the tank: radius R, liquid level H, thickness s, liquid density ρ and elastic modulus of steel E.
The problem can be uncoupled in infinite vibration modes, but only few of them have a significant mass. Thus, the impulsive mass is distributed among the first vibration modes of the wall. On the basis of the above observations it can be drawn that the study of the hydrodynamic pressure in tanks subjected to a seismic base motion can be easily performed using the simple model shown in Figure 11 , in which the liquid mass is lumped and subdivided in three components: rigid, impulsive and convective masses named m i , m ik (mass of k-th mode of the wall vibrations), m ck (mass of k-th convective mode). The impulsive and www.intechopen.com
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convective masses are connected to the tank wall by springs of stiffness k ik and k ck . The total pressure is given by adding the effects of the mass mi subjected to the base motion acceleration, of the masses m ik subjected to the acceleration of the wall relative to the bottom of the thank, and of the masses m ck subjected to the absolute acceleration.
In case of broad tanks the model of Figure 11 (a) can be updated by the simplest model shown in Figure 11(b) . In fact, the contribution of the higher order vibration modes is negligible and the entire impulsive mass is practically equal to the mass of the first vibration mode; moreover, because the distributions of the impulsive pressure, with and without wall deformability, are almost coincident, the effects of the impulsive action are simply taken into account by the response in terms of absolute acceleration of a simple oscillator of mass m i and stiffness k i . Neglecting the higher convective modes effect, the model becomes a simple two degrees of freedom model. The frequencies of the convective and impulsive modes are generally very different (tenths of a second against tens of seconds). This justifies the usual choice of neglecting the interaction between these two phenomena.
Base isolated tanks
As shown in section 2, the idea of seismic protection of tanks through base isolation technique is not really new, but the important amount of numerical investigation present in literature has proved its high effectiveness. Unfortunately, a limited number of experimental activity has been performed so far (Bergamo et al., 2007; Summers et al., 2004; Calugaru and Mahin, 2009 ).
On the basis of the observations of the previous section a dynamic model of a base isolated tank can be easily built. For example a simple model of base isolated broad thanks is shown in Figure 11 (c).
The vibration period of the impulsive component of pressure generally falls in the maximum amplification field of the response spectrum, whereas the convective period T c is usually very high and thus associated with a low amplification factor. This implies a high effectiveness of the base isolation system, which can reduce highly the base shear due to the impulsive pressure component. Neglecting the influence of the wall deformation, the period of the isolated structure is approximately given by:
in which m i is the impulsive part of the liquid mass, M s and M b are respectively the wall and base tank masses, and k iso is the elastic stiffness of the isolators.
For broad tanks m i is a relatively small part of the total mass and this allows a significant reduction of the devices dimensions.
Moreover, in the case of big tanks, for which T c >>T iso , the first period of the convective motion is practically unmodified. Consequently, the base isolation system does not show any important mitigation effects on the sloshing pressures. This is not relevant, since the convective pressure is very small because of the long period of the fluid oscillations.
The negative effect of the sloshing is related only to the superficial motion, because either the height of the wave can exceed the upper limit, causing overtopping phenomenon, or the floating roof motion could cause a breaking of the gaskets and the leakage of dangerous vapours of inflammable substances. Unfortunately, the base isolation does not modify this phenomenon. Moreover, the base isolation can cause high displacements between tank and ground, which may induce dangerous damage to the pipes-tank connections.
Shaking table tests
Description of the physical model
The full scale structure is a big steel liquid storage tank typically installed in petrochemical plants. The dimensional characteristics of the tank are the following: radius R=27.5m, height Hs=15.60 m, liquid level H=13.7 m, liquid density ρ=900 kg/m3, and wall thickness variable from 17 to 33 mm. The scale model has radius R=2 m, height Hs=1.45 m and wall thickness s=1 mm (Figure 12a ). Thus, the scale ratio is about 13.7. Because the period of the sloshing mode is a function of the square root of the dimensions (European Committee for Standardization, 2003) , the time scale of the convective motion is 3.7. In order to obtain the same scale ratio for the impulsive frequencies it would be necessary to reduce the thickness of 140 times with respect to the real one. This is obviously impossible and only one time scale can be respected. In particular, the convective motion scale has been adopted during the test .
The floating roof of the full scale tank is realized through a truss structure, which sustains steel plates. In order to maintain the mass ratio, the floating roof of the mock-up has been realized with a wood structure (Figure 12b) . The gasket, which in the full scale tank is composed by a more complex mechanism, has been here realized with a rubber tube applied along the circumference of the roof.
Design of base isolation systems
For the seismic protection of the tank two isolation systems has been used: high damping rubber bearings (HDRB) and PTFE-steel isolation devices with metallic c-shaped dampers www.intechopen.com
Analysis of the Seismic Risk of Major-Hazard Industrial Plants and Applicability of Innovative Seismic Protection Systems 239 (MD). Both the base isolation systems have been designed by choosing a properly isolation period (T iso ) and then evaluating the stiffness k iso using the equation (1). For the high damping rubber bearings the damping ratio ξ has been assumed equal to 10% whereas the yielding force of the metallic dampers has been designed using the method proposed by (Ciampi et al., 2003) .
The prototypes of the isolator devices, properly realized for the experimental activity by the Company Alga Spa (Milan), are shown in Figure 13a and 13b. The isolators have been characterized by cyclic imposed displacement tests carried out in the experimental laboratory of the University of Roma Tre. The main characteristics of the devices are summarized in Table 3 .
In order to check the effectiveness of the control systems, for each isolator typology four devices have been used, which have been placed at the cross of the bottom metallic beams. Table 3 . Isolation devices characteristics.
Test set-up
A series of dynamic tests have been carried out on the tank using the shaking table installed at the Research Center of ENEA "La Casaccia" (Rome). The mock-up has been tested in four different configurations: fixed base tank without floating roof (case A), fixed base tank with floating roof (case B), isolated tank with HDRB and floating roof (case C), isolated base tank with SIEPD devices and floating roof (case D).
Six different base motion histories have been used in each configuration (four natural and two synthetic accelerograms, generated by Simqke (Vanmarcke and Gasparini, 1976) , according to
Metallic Damper
(a) (b)
the European code spectra (soil C), and scaled to different intensity levels). For all accelerograms the time scale has been changed according to the indications of section 3.1. The natural accelerograms have been selected from the Pacific Earthquake Engineering Research center database, between time histories recorded for soil C and generated by seismic events with magnitude lower than 8 and epicenter distance lower than 50 km. Another more selective criterion, adopted here, consists of a selection of signals filtered using a high-pass filter with cut-off frequency greater than 0.1 Hz. As already seen, this is almost the frequency of the sloshing motion of the full scale tank. The records used during the tests are reported in Table 4 .
The tank has been also tested using white-noise and harmonic signals with variable frequency (sine-sweep) for the identification of its dynamic characteristics.
The response signals were measured using numerous sensors: pressure transducers, straingauges and laser transducers placed on the tank wall. Laser transducers have also been used for the sloshing motion of the liquid or floating roof, whereas the motion of the table has been monitored by several accelerometers. In the isolated base configurations the motion of the structure with respect to the base has been measured by wire LVDT sensors. The arrangement of the sensors has changed between the several series of tests.
The response signals were measured using numerous sensors: pressure transducers, straingauges and laser transducers placed on the tank wall. Laser transducers have also been used for the sloshing motion of the liquid or floating roof, whereas the motion of the table has been monitored by several accelerometers. In the isolated base configurations the motion of the structure with respect to the base has been measured by wire LVDT sensors. The arrangement of the sensors has changed between the several series of tests. In Figure 14 a sketch of the main sensors used in the isolated base configuration is shown. 
Analysis of results
Identification of dynamic characteristics
Before evaluating the seismic effects, the main dynamic characteristics of the tank (frequencies and damping) have been identified. The frequencies of the systems have been determined by means of the transfer functions between the input (base acceleration) and output signals (e.g. liquid pressure). The damping ratio has been evaluated using the logarithmic decrement method applied to free vibrations time histories. For each vibration mode, the signal has been filtered using a pass-band filter around its frequency.
In Figure 15 the transfer functions between the table acceleration and one of the pressure sensors (near the bottom of the tank) are shown for the fixed base configurations (A and B), without ( Figure 15a ) and with floating roof (Figure 15b ). For both cases, the frequency of the sloshing motion does not change and is almost coincident with the theoretical value (0.4 Hz), whereas a resonant frequency of around 18 Hz is also shown, which correspond to the main natural frequency of the motion due to the deformability of the wall.
The damping of the sloshing motion has been measured on the basis of the amplitude decrement of free vibrations. In case of free liquid surface the damping is very low and is not in practice measurable; using the floating roof a 1% of damping has been identified. This value, greater than 0.5%, usually adopted in numerical model, is probably due to the interaction between the liquid surface and the floating roof and the friction between rubber gasket and tank wall- Comparison with the results of non isolated case results, a considerable increasing of the sloshing damping, variable in the range 2.5-3.0%, for both isolated configurations has been detected. This increment was expected by numerical models, carried out with non-classical damping theory, but with lower values than the experimental ones.
Response of the base isolated tank
The evaluation of seismic effects on the tank wall has been made in terms of both maximum base shear induced by the dynamic pressure and relative impulsive and convective components.
These resultants have been evaluated interpolating the experimental values of the pressure with the relative theoretical functions and then integrating along the height. The separation of the sloshing and impulsive plus flexible components was obtained by filtering the signals around the corresponding frequencies.
The responses of the table, measured in the different experimental tests, because of some problems with the control system, were different, even if the same accelerograms were used. Because of these differences, comparison was difficult. To overcome this problem the comparison was done in terms of mean spectra accelerations Sa, (5% of damping), calculated in the period range 0.05 and 0.1 s (10 ÷ 20 Hz) for the impulsive component, and 2.2-2.8 sec (∼ 0.35 ÷ 0.45 Hz) for the sloshing component. Impulsive and sloshing forces have been represented as functions of the relative spectra acceleration (Figures 16a and 16b ).
In the same figures the interpolation curves of the experimental data are shown for the fixed base (case B) and isolated base cases (case C, case D). For the fixed base case the trend is linear, whereas the isolated base cases clearly show a nonlinear behavior of the phenomenon, especially for high values of spectral acceleration.
The total shear has been plotted as function of the same spectra ordinate as that used for the impulsive component, the latter being a significant part of the total one ( Figure 16c ). The figure clearly shows the high effectiveness of both the isolation systems, which induce considerable reductions of the total shear affecting the tank wall. However, whereas the effectiveness of HDRB isolators does not practically vary with S a , the effectiveness of SIEPD devices is reduced for low values of spectral acceleration, and it is practically negligible for Sa<0.3g. This is due to the friction effects, often neglected for this kind of device, but particularly significant for the tanks, in which the gravity mass, represented by the entire liquid volume, is greater than the dynamic mass, which is represented by the impulsive mass only (in the present case only 30% of the total mass). Therefore, to overcome the friction appreciable levels of acceleration are needed. This problem is not present for elastomeric devices.
This behavior, if appropriately controlled, could represent an interesting advantage recognizable to SIEPD devices compared to HDRB devices. In fact, for low levels of seismic intensity, it could be convenient to use an isolation device with a reduced amount of slip, which instead is required for more intense events in order to achieve a full employment of the dissipation capability of the devices.
For the impulsive component (Figure 16a ), the reduction is quite important, as already observed for the total base shear, especially for high values of Sa; on the contrary, the sloshing component (Figure 16b ) remain practically unchanged for HDRB, whereas a slight increasing has been observed using SIEPD. This increasing has no influence on the stresses of the tank wall, at least for large broad tanks. The negative effects are related to the floating roof oscillations, which could generate, in some cases, the breaking of the gaskets and the leakage of inflammable materials. Unfortunately, the base isolation does not reduce the amplitude of the superficial waves, although the sensible increasing of damping reduces its duration and then probably the risk of failure of the gaskets. However, for case D only an increasing of the convective pressure has been measured, which has induced a rather moderate increasing of the amplitude displacement of the floating roof that does not seem to be not particularly worrying (Figure 16 ).
Finally, the maximum values of displacements of the tank base, recorded during the tests of case D and here not shown for brevity , are lower than the displacements of case C. This is another advantage for the SIEPD isolation system, since large displacements, which have to be absorbed by the pipes-tank connections, represent a problem, the solution of which is not always easy.
Comparison between numerical and experimental results
The numerical model defined in section 3.2 has also been used to carry out step-by-step non linear analyses using as base motion the accelerograms recorder on the shaking table during the tests. The isolator devices have been modeled by the classical Bouc-Wen model. The aim is to confirm the reliability of the analytical and numerical formulation of the problem, also when the floating roof is present, generally missing in the evaluation of the dynamic response of tanks.
As a matter of fact, hereafter a numerical-experimental comparison of the results of cases B, C and D, is presented and discussed. For brevity only the results of the Arcelik accelerogram, scaled to the nominal acceleration nearest to the design value (0.5g) are shown. Figure 17 shows the comparison, in terms of base shear for case B. Firstly, a good agreement between the experimental and numerical response may be noted. A good predictive capacity of the model emerges when the floating roof is present as well.
The numerical-experimental agreement can be better highlighted by analyzing the single components of motion. Figure 17a shows, for case B, the base shear due to impulsive pressure. The agreement is quite good and sufficient to correctly describe the phenomenon.
For the convective component of motion, although the value of the fundamental frequency was very close to the theoretical value (0.4 Hz), the comparison between numerical and experimental results proved unsatisfactory, because of non-zero initial conditions due to a low damping of the liquid motion. The numerical-experimental agreement is improved in the cases C and D. In fact, in these cases the fluid-structure interaction become less important and the high damping of the liquid motion arrests oscillations more rapidly, allowing zero initial conditions.
For the isolated tank Figures 17b and 17c show the comparison between theoretical and experimental results. The good agreement proves the reliability of the model. To summarize, the comparison between the shaking table test results and the response of simple numerical models described in section 2 shows the suitability of the latter to simulate the behavior of the fluid-structure system, both for fixed base and isolated base tank, also considering the floating roof as well. Actually, the slight discrepancies between numerical and physical models are probably due to some drawbacks in the experimental activity, caused by the high mass of the filled tank and the frequencies range investigated.
Conclusions
Recently, the attention paid on the protection of industrial facilities against natural phenomena is increasing, especially for the catastrophic consequences of strong events that induced severe damages to people and environment.
Among the natural phenomena capable to determine serious hazards to industrial plants, earthquakes should be taken into account especially because they are capable to generate multiple sources of releasing of dangerous substances and domino effects within the same plant, determining the complete destruction of the site. The analysis of past accidents induced by earthquakes has shown the high vulnerability of some typical industrial components and the severity of the consequences.
Accordingly, in this chapter, earthquakes effects on major-hazard industrial plants have been analyzed. In particular, typical equipment and components of a refinery were identified and gathered in a limited number of structural typologies; furthermore, their seismic vulnerability was analyzed, looking into historical events, i.e. concerning the damages caused by past earthquakes to several industrial components.
Subsequently, the applicability of some innovative techniques for the seismic protection of industrial equipment was studied and the most suitable passive control techniques were identified for each structural typology. As an example, the main results of a study on the effectiveness of yielding-based and HRDB isolators for the seismic protection of aboveground steel storage tanks were presented. In particular, after a brief introduction to the problem of designing a base isolation system for storage tanks, the outcome of a wide numerical and experimental investigation on a broad tank with floating roof were deeply discussed. Shaking table test results have shown the high efficiency of both the isolation systems and, at the same time, the reliability of lumped mass model for the prediction of the seismic response of isolated above-ground tanks.
